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 i  g  h  l  i g  h  t  s

Coffee  rings  occur  during  sample
preparation  for  MALDI-MS  and  LDI-
MS.
They  partly  contribute  to chemical
heterogeneity  of  sample  deposits.
Coffee  rings  may  be  hidden  within
sample  spots.
Occurrence  of coffee  rings  permits
partial  separation  of sample  compo-
nents.
In  some  cases,  formation  of coffee
rings  can  be suppressed  during  sam-
ple  preparation.
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a  b  s  t  r  a  c  t

This  report  focuses  on  the heterogeneous  distribution  of small  molecules  (e.g.  metabolites)  within  dry
deposits  of suspensions  and solutions  of inorganic  and organic  compounds  with  implications  for  chem-
ical  analysis  of  small  molecules  by  laser  desorption/ionization  (LDI)  mass  spectrometry  (MS).  Taking
advantage  of  the  imaging  capabilities  of  a modern  mass  spectrometer,  we  have  investigated  the  occur-
rence  of  “coffee  rings”  in  matrix-assisted  laser  desorption/ionization  (MALDI)  and  surface-assisted  laser
desorption/ionization  (SALDI)  sample  spots.  It is seen  that  the  “coffee-ring  effect”  in MALDI/SALDI  sam-
ples can  be  both  beneficial  and  disadvantageous.  For  example,  formation  of  the  coffee  rings  gives rise
to  heterogeneous  distribution  of  analytes  and  matrices,  thus  compromising  analytical  performance  and
reproducibility  of the  mass  spectrometric  analysis.  On  the  other  hand,  the  coffee-ring  effect  can  also be
ass spectrometry
urface-assisted laser desorption/ionization
ample preparation
aser desorption/ionization

advantageous  because  it enables  partial  separation  of  analytes  from  some  of the  interfering  molecules
present  in  the  sample.  We  report  a “hidden  coffee-ring  effect”  where  under  certain  conditions  the sam-
ple/matrix  deposit  appears  relatively  homogeneous  when  inspected  by  optical  microscopy.  Even in  such
cases,  hidden  coffee  rings  can  still be found  by implementing  the  MALDI-MS  imaging  technique.  We  have
also  found  that  to  some  extent,  the  coffee-ring  effect  can  be  suppressed  during  SALDI  sample  preparation.
. Introduction

Matrix-assisted laser desorption/ionization (MALDI) [1] and

urface-assisted laser desorption/ionization (SALDI) [2] facilitate
etection of a wide range of analytes – from biomolecules to syn-
hetic polymers – with high sensitivity [3–5]; therefore, they have
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become important ionization techniques used in mass spectro-
metric (MS) analysis during the past two decades. It is known
that sample preparation protocols strongly influence the quality
of MALDI and SALDI mass spectra. It has been widely discussed
that the quality of MALDI-MS results is highly dependent on the
quality of sample deposits on MALDI targets. Numerous sample
preparation methods have been developed in order to improve

homogeneity of crystalline sample deposits. Examples include
electrospray-aided sample/matrix deposition [6], application of
ionic-liquid matrices [7–9] as well as solvent-free methods [10,11].
Nevertheless, one of the “classical” and most widely used sample
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Fig. 1. Proposed directed self-organization of particles and analytes by coffee-ring
effect in an evaporating droplet on a hydrophilic surface. Red arrow: outward cap-
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llary force; black particle: inorganic matrix; A: analyte species. Ideogram based on
he model described by Bhardwaj et al. [59]. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web  version of the article.)

reparation methods is the so-called “dried-droplet method”: a
atrix solution is mixed with the sample directly on the surface

f the MS  target, which is then followed by the evaporation of
he matrix and sample solvents under ambient conditions [12].
his method is easy to implement, and it can readily be used for
he preparation of samples containing high amounts of salts and
ther components [13]. For example, it has been used in the direct
rofiling of complex mixtures, including crude extracts, cultures
f bacteria, cell lysates, intact viruses, and even individual neu-
ons [14]. Unfortunately, heterogeneity of the resulting sample
pots usually leads to poor shot-to-shot and unsatisfactory sample-
o-sample reproducibility of the MS  signals. This method also
ecessitates searching for the so-called “sweet-spots” – microscale

ocations within the sample deposits that contain an elevated con-
entration of analyte molecules [15].

The occurrence of “sweet spots” is a major drawback of the
ample preparation for MALDI, and it hampers the use of MALDI-
S for quantitative analysis. In many cases, one can also observe

ing-like patterns formed at the perimeter of the sample spots;
hese rings can be attributed to the so-called “coffee-ring effect”
16]. The ring pattern formation is due to the action of capillary
ow, which carries the solute and/or suspended non-volatile parti-
les to the perimeter of the droplet [17]. Particles suspended in
he drying droplet accumulate at the perimeter and form a cir-
ular ring pattern, as opposed to a uniform spot (Fig. 1). In fact,
he coffee-ring effect has serious implications for many consumer
roducts, such as inkjet printing [18], and coating polymers [19],
s well as research techniques, such as microarray technology [20],
hromatography [21,22],  and structural analysis by transmission
lectron microscopy [23]. Therefore, the coffee-ring effect has been
roadly studied by scientists in various fields.

One possibility for improving the sample spot homogeneity
s using inorganic powder (micro- and nano-particles), such as
raphite particles [2],  carbon powder [24,25],  and metal oxide pow-
er [26–29] as matrices for facilitating ionization of the analytes of

nterest. In fact, inorganic material-aided SALDI-MS analysis has the
dvantage that sample preparation does not rely on the crystalliza-
ion of an organic matrix compound; it can be used to concentrate
nalytes based on affinity interactions [25,30–36] and generally
roduces spectra with less noise in the low m/z range. To date,
arious nanomaterials (e.g. carbon nanotubes [35,36],  porous sil-
con and silicon nanoparticles [37,38],  TiO2 [39–41],  Fe3O4/TiO2

33], and gold nanoparticles [42,43]) have been proposed as possi-
le assisting materials for SALDI-MS. Nevertheless, Kawasaki et al.
ound that dry deposits of gold nanoparticle suspensions also
xhibit formation of the “coffee rings” following their deposition
a Acta 766 (2013) 77– 82

on target plates [44]. Alternatively, MALDI matrices – covalently
immobilized on a sol–gel film – have been used to improve shot-
to-shot reproducibility and eliminate background ions in the low
m/z region [45–48].  Segregation of analytes in MALDI spots was
observed using high-resolution MS  imaging methods [49,50].

In the present paper, we discuss the occurrence of the coffee-
ring effect during the sample preparation for analysis by MALDI-MS
and SALDI-MS. We  have implemented laser desorption/ionization
imaging in order to study the formation of coffee rings in dry
deposits of samples containing either organic or inorganic materi-
als. We  will show that although the coffee-ring effect can generally
be considered as a nuisance in sample preparation for MALDI and
SALDI, it also enables rough separation of sample components,
which can be beneficial.

2. Materials and methods

2.1. Sample preparation

The dried-droplet sample preparation method was used in this
study. For MALDI, 9-aminoacridine (9-AA) was used as matrix while
for SALDI, 2-�m graphite powder and fluorescent platinum nano-
clusters were used as SALDI-assisting materials. In each case, a
0.2-�L sample was  premixed with 0.2 �L of the matrix cocktail in a
microcentrifuge test tube, and the resulting mixture was deposited
on various targets: glass substrate coated with an indium tin oxide
(ITO) layer (ITO thickness: 260 ± 20 nm;  resistivity: ∼7 � cm;  light
transmission: ≥80%), ITO glass slides coated with a layer of polysi-
lazane, or on a commercial disposable AnchorChip target (PAC II
384/96, CHCA prespotted on conductive polymer; Bruker Dalton-
ics/Eppendorf, Bremen, Germany). In the case of the commercial
disposable target, acetone and isopropanol were used to remove
CHCA before experiments. Subsequently, the samples were dried
at room temperature.

2.2. Synthesis and purification of fluorescent platinum
nanoclusters

The fluorescent platinum nanoclusters (PtNCs) were syn-
thesized as described previously [51]. Briefly, 150 �L of an
aqueous 0.1-M H2PtCl6 solution was  mixed with 15 mL  of N,N-
dimethylformamide (DMF) pre-heated to 140 ◦C, and the resulting
mixture was  refluxed in a 140 ◦C oil bath with vigorous stirring in
ambient air for 8 h. Then, the as-prepared PtNCs were purified using
prefilled ion exchange columns (Poly-Prep, AG 1-X8 resin, 200–400
mesh; BioRad, Hercules, CA, USA) to remove residual chloride ions
and thus decrease spectral interferences caused by these species.

2.3. MALDI/SALDI imaging

All the MS  measurements and MS  imaging were conducted by
means of the Autoflex III Smartbeam MALDI-MS instrument (Bruker
Daltonics, Bremen, Germany), equipped with a solid-state laser
(� = 355 nm), and operated in the reflectron mode. During MS  imag-
ing, the laser beam was  focused to a spot with a diameter between
60 and 70 �m;  the default spacing of the scan raster was set to
100 �m;  100 laser shots were fired at each raster point with the
preset frequency of 100 Hz. The mass range was  normally set to
100–1000 Da and all the ions up to 100 Da were excluded in order

to prevent saturation of the microchannel plate detector. Various
standard compounds were spotted on the targets next to the sam-
ple spots, and used for mass calibration prior to the MS  imaging
scan.
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Fig. 2. Coffee-ring effect in SALDI-MS. (A) Optical and fluorescence (�ex = 330–380 nm;  �em > 420 nm)  images of dry spots composed of sub-nanometer fluorescent platinum
nanoclusters on a commercial disposable AnchorChip target (no organic matrix present). (B) SALDI-MS spectra of platinum nanoclusters deposited on a commercial disposable
AnchorChip target obtained in the negative-ion mode. (C) SALDI-MS image of platinum nanoclusters acquired in the negative-ion mode. (D) Fluorescence (�ex = 330–380 nm;
�em > 420 nm)  image of a spot containing AMP  and platinum nanoclusters. (E) SALDI-MS spectrum of a spot containing AMP  and platinum nanoclusters (negative-ion mode).
(F)  SALDI-MS images of a spot containing AMP  and platinum nanoclusters (negative-ion mode). Laser spot diameter: 60–70 �m; laser raster spacing: 100 �m.  Scale bars:
1 arrow
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. Results and discussion

In this present work, we investigate the formation of coffee rings
uring sample preparation for SALDI and MALDI mass spectrome-
ry. The study starts with testing the influence of inorganic matrices
micro- and nano-particles) on the emergence of the coffee-ring
ffect, and continues with the investigation of “hidden coffee rings”
n the deposits of an organic MALDI matrix.

.1. Coffee rings in SALDI spots

For the initial tests we chose graphite powder (particle size:
2 �m)  as a model SALDI-assisting material [2].  This material is

hemically inert, conducts electricity, and absorbs energy delivered
y UV laser; therefore, it has been widely used in SALDI [2,52,53].
onventionally, graphite powder is used at a high concentration
≥4 mg  mL−1), in which case sample deposits appear homogeneous,
nd high sensitivity is seen [54]. In order to observe the appearance

f coffee rings during sample preparation for SALDI-MS, we used

 suspension of graphite powder at a relatively low concentration
2.5 mg  mL−1). In Figure S1 one can see that most graphite parti-
les accumulated in the rim of the spot following the evaporation
 highlights the edge of the spot. (For interpretation of the references to color in this

of solvent. Several larger particles of graphite also accumulated in
the central part of the spot, which gave rise to heterogeneous dis-
tribution of the graphite matrix. This effect can also be observed
in SALDI-MS images which display the occurrence of carbon clus-
ter ions (C6

+ at m/z  72, C8
+ at m/z 96, and C10

+ at m/z  120) while
scanning the surface of the spot with the UV laser (Figure S1).

In order to verify how particle size contributes to the coffee-
ring effect, we further tested sub-nanometer fluorescent platinum
nanoclusters (Figure S2)  as the matrix material. To study the coffee-
ring effect characteristics within dry nanocluster spots, we took
advantage of various analytical techniques: optical/fluorescence
microscopy, SALDI imaging, scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDX). Fig. 2A shows
optical and fluorescent micrographs of ring-like patterns formed
by platinum nanoclusters (∼10 mg  mL−1, 0.2 �L). In order to inves-
tigate the distribution of platinum nanoclusters within dry spots,
we executed SALDI-MS imaging sequences. In both positive and
negative modes, ring-like patterns were revealed. In the negative-

ion mode (Fig. 2B and C), we recorded MS signals corresponding
to a PtCl2− ion (m/z 266). In the positive-ion mode (Figure S3), we
recorded two unknown signals (m/z 438 and 454), which were most
abundant when the rim of the spot was scanned with the UV laser.
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Fig. 3. Coffee-ring effect in MALDI-MS. (A) Optical and fluorescence (�ex = 330–380 nm;  �em > 420 nm)  images of a sample deposit containing various metabolite standards
co-crystallized with the 9-aminoacridine matrix (9 mg mL−1, 0.2 �L) prepared in acetone solvent. (B) MALDI-MS images corresponding to the species related to the 9-
aminoacridine matrix. (C) MALDI-MS images corresponding to the metabolite standards. Signal assignment: m/z  403, uridine diphosphate; m/z 426, adenosine diphosphate;
m/z  442, guanosine diphosphate; m/z 483, uridine triphosphate; m/z 506, adenosine triphosphate; m/z 522, guanosine triphosphate; m/z 565, uridine diphosphate glucose;
m e min
i 60–70
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/z  606, uridine diphosphate N-acetylglucosamine. In all the MALDI-MS images th
ntensity profiles corresponding to MALDI-MS images in (C). Laser spot diameter: 

elative measure of the MS signal intensity.

hen analyzing the deposits of platinum nanoclusters by SEM and
EM-EDX, we confirmed that most platinum nanoclusters were
ocalized within the rim zone of the spot while only a small portion
f platinum nanoclusters was present near the center of the spot
Figure S4).  This result is in agreement with the report by Kawasaki
t al. on the use of nanomaterials as SALDI matrices [44]. Based
n the authors’ experience, the coffee rings are especially promi-

ent at relatively low particle densities. Higher particle density will
ffectively reduce the occurrence of the coffee rings. Nonetheless,
n many cases it is not possible to obtain concentrated suspensions
f some of the novel SALDI-assisting materials.
imum (threshold) intensity was  set to 60% (relative to the base peak). (D) Signal
 �m;  laser raster spacing: 100 �m. Scale bars: 100 �m.  The gray scale is used as a

The following analysis focused on the influence of the coffee-
ring effect on the distribution of test analytes. We  used adenosine
monophosphate (AMP) as a test analyte. As shown in Fig. 2D
and F, fluorescence micrographs and SALDI-MS images reveal
PtCl2− ions and the ions related to the analyte AMP when
the laser light beam impinged on the rim zone. When AMP
and bradykinin samples were deposited on the target with-

out adding any matrix, coffee rings were observed (Figure S5).
Therefore, the occurrence of the coffee-ring effect in SALDI-MS
images, as seen in Fig. 2F, can be due to either accumu-
lation of nanoclusters at the rim of the spot, accumulation
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ig. 4. The influence of surface wettability on the emergence of coffee rings. A spo
nd  hydrophilic (right) surface. The arrow highlights the edge of the spot. Scale bar

f the analyte molecules, or a combination of these two
ffects.

The solutes precipitating from homogeneous solutions (e.g.
mall molecules such as AMP) are also responsible for the formation
f coffee rings. This observation is relevant to SALDI-MS variants
hich use micro- or nano-particles as SALDI-assisting materials.

here has been considerable interest in the utilization of nanostruc-
ured surfaces for matrix-free MS  (e.g. Refs. [37,55]); however, since
he analytes themselves give rise to coffee rings (Figure S5),  it can-
ot be taken for granted that the implementation of such surfaces
an always provide homogeneous sample deposits.

.2. Coffee rings in MALDI spots

We have further studied heterogeneous distribution of small
olecules within crystalline deposits of an organic MALDI matrix

y means of MALDI-MS imaging (Fig. 3A). We  recorded signals of
ons corresponding to the 9-aminoacridine matrix fragment (m/z
6 and 193; Fig. 3B) and the ions corresponding to the small-
olecule analytes present in the sample (uridine diphosphate (m/z

03), adenosine diphosphate (m/z 426), uridine triphosphate (m/z
83), adenosine triphosphate (m/z 506), uridine diphosphate glu-
ose (m/z  565), and uridine diphosphate N-acetylglucosamine (m/z
06); Fig. 3C). While some of these signals were relatively high
hen the laser beam impinged on the rim zone of the spot, other

ignals represented a uniform distribution within the spot. This
an easily be judged based on the plots showing the signal inten-
ity along an intersecting line drawn across the MALDI image of
he spot (Fig. 3D). In particular, the signals of guanosine diphos-
hate (m/z 442) and guanosine triphosphate (m/z  522) were higher

n the center of the spot, while the signals of uridine diphosphate
m/z  403), uridine triphosphate (m/z  483), adenosine diphosphate
m/z  426), and adenosine triphosphate (m/z  506) were relatively
igher near the droplet periphery. This occurred even though
he sample/matrix crystal appeared homogeneous when inspected
y optical microscopy. Therefore, we conclude that separation of
pecies occurred within the MALDI spot. The apparent separation of
pecies within the spot (Fig. 3C and D) can be explained with various
utative causes, for example: different solubilities of analytes, dif-
erent concentrations of matrix on the target, interaction between
nalyte molecules and the matrix, or suppression/enhancement
ffects due to the heterogeneous distribution of inorganic ions. In
act, a zonal distribution of ionogenic species, which do not give
ise to signals during analysis by MALDI-MS, may  also contribute

o the apparent separation of analyte species within the spots. It
hould be pointed out that the observed effect is especially clear
ecause the intensity threshold used in the image display was set
o 60% relative to the intensity of the base peak within the m/z
aphite powder suspension (2.5 mg mL−1, 0.4 �L) deposited onto hydrophobic (left)
 �m.

range used (50–800 Da). The high threshold was  chosen in order to
highlight the differences in relative intensities between the edge
and the center of MALDI spots. Interestingly, by implementing the
MALDI imaging technique, a hidden coffee-ring effect could be
observed (Fig. 3B and C), which is not evident from the optical
images (Fig. 3A). While the current study focuses on the formation
of rings in the MALDI spot peripheries, it should be noted that pre-
vious studies (using high-resolution MALDI imaging) also showed
microscale segregation of analytes within MALDI spots [49,50].

The occurrence of coffee-ring effect in MALDI raises discus-
sion about the underlying mechanism. During the evaporation of
matrix/sample droplet, several processes take place in parallel. Due
to the outward capillary flow, the coffee-ring effect pins particles on
the contact line, which is counteracted by the so-called “Marangoni
effect”. The latter arises because the differences in evaporation rates
produce a surface tension gradient and induce a radial flow toward
the center of the droplet. In fact, under certain conditions, the
Marangoni effect may  reverse the coffee-ring effect [56]. However,
in the case of MALDI spots (Fig. 3), crystallization occurs simulta-
neously with particle transport (presumably governed by the two
effects). Sequential partitioning of different metabolites to the pre-
cipitate can dictate their distribution within the spots. The analytes
that partition to precipitate particles will be driven to the edge of
the spot despite the presence of the Marangoni effect. Since the
zones of different analytes are formed within the MALDI spots, a
rough separation of analytes can be achieved.

3.3. An attempt to suppress coffee-ring effect in LDI-MS

Several methods to suppress the occurrence of the coffee-ring
effect have been described in literature. They include modifying
the composition of particle suspension [57–59],  adjusting sub-
strate temperature [56,60], or altering surface wettability [61–63].
For example, Mugele and co-workers pointed out that using elec-
trowetting technology can inhibit coffee-ring effect and enhance
the intensities of MALDI-MS signals [63]. Here we  propose another
simple method, which is compatible with the dried-droplet sample
preparation in SALDI. It involves the use of a hydrophobic substrate.
The sample target was an ITO glass slide coated with a hydropho-
bic layer of polysilazane. When deposited on such a slide, graphite
powder did not pin to the hydrophobic surface and the suspen-
sion droplet contracted during the evaporation of solvent. This
was followed by formation of a dry residue deposit (Fig. 4). The
deposit had a small diameter (∼750 �m)  compared to the droplet

size (∼1400 �m)  and did not exhibit formation of a coffee ring. We
further applied this method to sample preparation in MALDI, how-
ever, in this case, the suppression of coffee rings was not as effective
as in the case of graphite powder (data not shown). Overall, as
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oted elsewhere [61,62],  the coffee-ring effect can be suppressed
y changing surface wettability, and under certain conditions, this
trategy may  be applicable to sample preparation in SALDI-MS.

It should be noted that the formation of a MALDI sample deposit
s a much more complex process than deposition of a suspension
f particles (as in the case of SALDI). Organic matrices precip-
tate due to a lowered solubility upon mixing with the sample
olvent and continuous evaporation of solvents. The precipitate
ay  initially undergo rearrangement according to the coffee-ring

ffect and the Marangoni effect. However, the suspension parti-
les are promptly pinned to the surface, which is not only due to
recipitation and evaporation of solvent but also due to the for-
ation of crystalline junctions connecting individual crystals and

he resulting immobilization on the surface. These processes are
ccompanied by adsorption, occlusion, and co-precipitation with
nalytes and other components of the samples, all of which are
elective and contribute to the heterogeneous distribution of chem-
cal species within the resulting deposits.

. Conclusions

In the present work, distributions of analytes (phosphate
etabolites) and matrices in MALDI and SALDI sample spots

ave been studied using optical/fluorescence microscopy, and MS
maging. In both cases, we have observed the occurrence of the
offee-ring effect. We argue that the coffee-ring effect plays two
oncurrent roles, which have advantages and disadvantages. The
ormation of the coffee rings is partly responsible for heterogeneous
istribution of the analytes and the matrix, which compromises
nalytical performance and reproducibility. On the other hand, it
nables a rough separation of the sample/matrix components. Cof-
ee rings were observed even in the absence of inorganic or organic

atrices. We  also reported on a hidden coffee-ring effect in MALDI
here under certain conditions the sample/matrix deposit appears
omogeneous. Nevertheless, the coffee rings were still found by
ALDI-MS imaging executed using dense laser raster scans. We

ound that to some extent, formation of coffee rings in SALDI could
e suppressed by modifying the surface wettability.
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